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Smart Rotor 
ARTICLE IN PRESS

justify their contribution in increase in total cost or decrease in
reliability, by providing efficient load reduction capability. The
required aerodynamic performance of such devices strongly
depends on the operating conditions and the wind turbine
characteristics, but also parameters like the aerofoil type. Some
general estimation for what range of aerodynamic loads these
devices will have to alleviate can be made. For example Troldborg
[58] calculated a representative change in the inflow angle at a
section near the tip of a 30 m long blade induced by a turbulent
wind field, wind shear and tower shadow effects. The standard
deviation in the inflow angle was 1:63. Aerodynamic control
devices will have to be able to produce changes in angle of attack
(or required lift for the same angle of attack) that can compensate
for the incoming changes. Consequently, these devices (surfaces)
can be firstly compared according to the changes in lift or angle of
attack that they can achieve and their bandwidth. Barlas [99]
analyzed the changes in inflow and predicted the theoretically
required flap angles and actuation frequencies needed for full
control of all fluctuations in aerodynamic (and structurally
induced aerodynamic) loads on the tip sections of the 5 MW
reference wind turbine used in the Upwind project. Representa-
tive IEC operating cases were simulated, including all wind
disturbances and also various cases of yaw misalignment. The
results show that 10% chord length trailing edge flaps located near
the tips can alleviate all aerodynamic load fluctuations with a
range in flap deflections between þ123 and "123 in normal power
production cases, and with a range of þ15 to "15 in extreme load
cases. Also, considering the blades, the load spectrum with
considerable energy content, in these cases, extends virtually
from 0 to 6 Hz. This means that the bandwidth of the actuators
should be at least twice the frequency of the disturbances that are
to be controlled. In the case of complete damping of the
aerodynamic disturbances this implies actuating at least 12 Hz
or when damping structural vibrations it leads to actuating at
twice the eigenfrequency of the mode that is to be damped (e.g.
1.4 Hz for first flapwise bending damping). The mentioned
requirements comprise the theoretical upper limit of load
reduction. In reality, the actuators and aerodynamic devices will
not reach this performance, and design issues (e.g. power
consumption) will determine the actual limits of load reduction
performance. Also aerodynamic unsteadiness should be consid-
ered, which in dynamic operation will limit the performance of
the aerodynamic devices compared to the quasi-steady analysis.
For the above-mentioned reference wind turbine it has been

predicted that unsteady aerodynamic effects will appear at typical
inflow and blade motion frequencies during normal operation.

4.1.1. Flaps
Inspired by existing technology in aircraft and rotorcraft

applications, the general concept of a small movable control
surface to directly control lift on a blade seems promising for
active load control. By increasing (deployment on the pressure
side) or decreasing (deployment on the suction side) the camber
of the airfoil, trailing edge flaps generate substantial change in the
lift coefficient of the airfoil (change in maximum lift, lift curve
slope and zero-lift angle of attack [100]), by altering the pressure
distribution along the chord. Such devices can achieve significant
change in lift over a blade using small surface deflections, have
intrinsically better structural and safety features than single shaft
mechanism that should operate a tip control surface and have
substantial smaller power requirements than full or part span
pitch control. Also, high frequency control is possible (due to low
inertia of surfaces) and such devices seem attractive to be used in
combination with smart materials for actuation. Trailing edge
flaps can be employed in two manners: either as discrete flaps
or as continuous deformable trailing edge (Fig. 4). Discrete flaps
(or ailerons) are mounted on the blade (hinged) and require a
moment over the hinge to achieve the required position. These
kinds of flaps are generally promising, but pose certain
disadvantages. They do not comprise an integrated design
solution, all the necessary mounting components are subject to
wear and corrosion and the aerodynamic performance (mainly lift
to drag ratio) is reduced due to the sharp change in the camber.
Furthermore, surface discontinuity triggers stall and poses noise
issues. Continuous deformable trailing edge (the word flap does
not probably apply to this situation—variable trailing edge
geometry is more applicable) shows a smooth change in shape,
which increases its effectiveness (flap effectiveness in lift change
and lift to drag ratio [100]), is an interesting integrated solution
for an aerodynamic control device and is composed of very simple
and uniform parts. To be actuated, a bending moment must be
exerted on the trailing edge. On the other hand, this kind of
control has to work against the structural rigidity of the trailing
edge (depending on the material) and its skin will probably be
subject to fatigue. This concept is based on a combination of the
ideas of aileron-flap and camber control based on skin
deformation, utilizing small part of the blade. Actuating
solutions range from conventional motors to smart material
actuators, which will be analyzed later.

Fig. 3. Conceptual layout of a smart wind turbine rotor blade.

Fig. 4. Trailing edge flaps concept.
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§  Decrease CoE 

§  Reduce (fatigue) loading 

§  Increase diameter 
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Content 

§ Unsteady Aerodynamics on Moving Meshes 
§  Order behavior 
§  RBF mesh deformation 
§  Flap motion (local deformation) 

§  Fluid-structure-interaction 
§  Coupling scheme 
§  Order behavior 

§ Gusts 
§  Mesh Velocity Technique 

§  Fluid-Structure-Control-Interaction 
§  Controlled response of an airfoil to gusts 
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Unsteady Aerodynamics 

§ Correct Rhie-Chow Interpolation in PISO algorithm1 

§  Inconsistent interpolation to faces 
§  Key aspect: interpolate AU to faces instead of 1/AU 

§  For moving meshes additional ddtPhiCorrection1 need to be 
adjusted 
§  Incorporate cell volume changes and surface normal changes 

§ One additional change is needed for boundary condition on 
moving wall 
§  2nd order derivation of velocity at boundary 

Consistent Time Order Behavior 

1Tukovic, Z and Jasak, H., 2012. “A moving mesh finite volume interface tracking method for surface tension dominated interfacial fluid 
flow”. Computer & Fluids, 55, p. 70-84.  
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Unsteady Aerodynamics 
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2nd order temporal accuracy on moving meshes 
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Unsteady Aerodynamics 
RBF mesh deformation  

Interpolation of body motion to 
internal mesh 

§  Point to point interpolation 

§  Displacement of points on 
boundaries (moving+static) 
interpolated to internal points 

§  Independent of mesh 
connectivity 
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Unsteady Aerodynamics 

§  Inefficient (slow and serial) implementation in OpenFOAM 
 
§ Reformulation and new implementation of RBF mesh 

deformation 

Reformulation of RBF mesh deformation  

RBF mesh deformation:
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Unsteady Aerodynamics 
Flap deformation 

Hinged flap 

Deforming flap 
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Fluid-Structure-Interaction 

§ Aitken’s under-Relaxation 
 
 
 
 
 

 

§ High density ratio results in relative weak interaction 
§  Low number of sub-interactions (~2) 
§  No need for more efficient algorithm 

Coupling schemes 

Equations for SOWE 2014 presentation

T. Gillebaart

15-04-2014

Mesh velocity technique 1:

V = u−um+ug = (u−um +ug) i+(v− vm + vg) j+(w−wm+wg)k (1)

ũm = ũmi+ ṽmj+ w̃mk = (um −ug) i+(vm − vg) j+(wm −wg)k (2)

Mesh velocity technique 2:

V = u−um+ug =
u−um +ug

v− vm + vg

w−wm+wg

(3)

ũm =
ũm

ṽm

w̃m

=
um −ug

vm − vg

wm −wg

(4)

Mesh velocity technique OpenFOAM:

makeRelative: φrel = φabs − φ̃m = φ − ũm ·S f (5)

makeAbsolute: φabs = φrel + φ̃m = φ + ũm ·S f (6)

Coupling Aitken’s under-relaxation:

p̃k+1 = F ◦S
(

pk
)

(7)

rk = p̃k+1 −pk (8)

pk+1 = pk +ωk
(

rk
)

(9)

ωk = −ωk−1 ⟨
(

rk−1
)

,

(

rk − rk−1
)

⟩

⟨(rk − rk−1) ,(rk − rk−1)⟩
(10)

1
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Fluid-Structure-Interaction 
Order behavior 
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Fluid-Structure-Interaction 
Cylinder responding to gust 
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Gust Inflow Conditions 

§ Numerical Technique 
§  Use mesh velocities for gust velocities2 

§  No actual mesh deformation 
§  Artificial volume change to satisfy Discrete Geometric 

Conservation Law (DGCL) 

§ Any gust shape in space and time possible 
§  Including non-physical gusts 
§  No influence from fluid on gusts -> one-way coupling 
§  No diffusion 

Mesh velocity technique 

2Singh, R. and Baeder, J.D., 1997. “Direct Calculation of Three-Dimensional Indicial Lift Response Using Computational Fluid Dynamics”. 
Journal of Aircraft, 34, p. 465-471.  
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Gust Inflow Conditions 

Adjusted mesh velocity: 
 
 
 
 
 
 
 
 
OpenFOAM: 
 
 

Mesh velocity technique 

Equations for SOWE 2014 presentation

T. Gillebaart

15-04-2014
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Aero-elastic Gust Response 
Problem setup 

§  3 DoF rigid body 

§  Re = 4 million 

§  k-ω SST turbulence 
model 

§  Deforming trailing edge 
flap 10% of chord 

§  PID controller on 
vertical velocity 
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x

y

VrotVrot

VaVa
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α

θ
θgθg

chord

rotorplane
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Aero-elastic Gust Response 
Airfoil response to Cosine and Mexican-hat gusts 

§  x, y and θ 
displacement 

 
§  Large response in y 

for cosine gust 

§  Mexican-hat causes 
low damped 
response in x and θ  
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Aero-servo-elastic Gust Response 
Response to Mexican-hat gust with controlled flap 

§  x, y and θ 
displacement 

§  β (flap angle) 

§  80 % reduction in y 
displacement 

§  Strong increase in 
pitch angle 

§  Similar results 
found in literature 
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Aeroelastic Gust Response 
Pressure in time with and without flap control 

§  Reduced pressure 
differences in flap 
region reduces 
vertical force 



18 Challenge the future 

Aero-servo-elastic Gust Response 
Velocity and pressure results for airfoil response 
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Conclusions & Discussions 

§  Full 2D aero-servo-elastic time order consistent URANS model 
completed 
§  RBF mesh deformation 
§  FSI with Aitken’s under relaxation 
§  Gusts with mesh velocity technique 
§  Parallelized FSCI solver with gusts 
§  2nd order in time 

§  First results on aero-servo-elastic responses show similar 
behavior as reported in literature 
§  Flap control can reduce deflections significantly 
§  Flap control increases pitching angle significantly  
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Outlook 

§ Detailed comparison with engineering models 
§  Different gust shapes: cosine, Mexican hat, turbulent inflow 
§  Different gust parameters: amplitude, frequency 

§  Flap model 
§  Maximum hinge moments 
§  Maximum rotational speed 
§  Controller delay 

§  3D unsteady (FSI) blade simulations 
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Thank you for your attention 

 
Questions? 
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Unsteady Aerodynamics 

§  Face flux 
§  Original: phi = fvc::interpolate(HU/AU) & mesh.Sf() 
§  Correct: phi = (fvc::interpolate(HU)/fvc::interpolate(AU)) & 

mesh.Sf() 

§  ddtPhiCorr 
§  Original: fvc::interpolate(1.0/AU) 
§  Correct: 1.0/fvc::interpolate(AU) 

§  Laplacian 
§  Original: fvm::laplacian(1.0/AU, p) 
§  Correct: fvm::laplacian(1.0/fvc::interpolate(AU),p) 

§ Moving wall velocity boundary condition 

Order behavior 
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Unsteady Aerodynamics 
Deforming Boundary Layer Mesh 
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Unsteady Aerodynamics 
Deforming Boundary Layer Mesh 
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Unsteady Aerodynamics 
Deforming Boundary Layer Mesh 
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Mesh Velocity Technique 

• DGCL -> Artificial volume changes 

DGCL 
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